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TECHNICA& NOTP NO. 935 

DYNAKICS OF THE INLET SYSTEM OR' A $OUB-STRQKE ENGINE 

By R. H. Boden and Harry Schecter 

-SUMEIAIiY 

Tests were run on a single-cylinder and a multicyl- 
inder four-stroke engine in order to determine the effect -_ .- _ 
of the dynamics of the inlet system upon indicated tiean 
effective pressure. _ 

. 

. 

Tests on the single-cylinder engine were made at 
various speeds, inlet valve timings, and inlet pipe -- 

lengths. These tosts indicated that the indicated mean 
effective pressure could,be raised considerably at &tiy -. 

. one speed by the use of a suitably long inlet pipe. 
Tests at other speeds with this length of Pipe showed 
higher indicated mean effective prossure than with a very . -- 
short pipe, although not so high as could be abtaixied -- 
with the PiPe length adjusted for each speed. A general 
relation was discovered between optimum ti'me of inlet 
valve closing and Pipe length; namely, that longer Pipes 
require later inlet valve closing in order to be fully 
cffectivo. 

Tests ware also made on three cylinders connacted t-o 
a single pipe. With this arrangement, increased volumot- 
riC officicncy at low speed was obtainable by using a 
long pipe, but only with a sacrifice of volumetric offi- 
oiency-at high speed. Volumetric efficiency at high 
spoed was progressively lover as the pip& iangth was in- 
crossed. -- --___ =- 

INTRODUCTION 

ft has long.been recognize4 that the volumetric ef- - -- 
ficioncy and hence the moan effective prossure of $n i-n- -I -' -: 
tornal combustion engine is affected by tho dynamics df 
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the inlet system, (See references 1 to 19.) The present 
work wae undertaken in order to make a more systematic 
and extensfvs investigation than had been made before, 
and to attempt to devise a mathematical analysis which 
would lead to a better understanding of the observed phe- .- 
nomena. 

The work was done under the auspices of the National 
Advisory committee for Aeronautics, The experimental 
work was done in the Sloan Automotive Laboratory at the 
Xasaachusetts Institute of Technology under the supervi- 
sion of Professor E. S. Taylor. A thsoretioal analysis of 
this problem may be found in Item 4 of the Bibliography? 

APPARATUS AWD METHOD 
--. _.--- 

Single-Cylinder Engine 
c 

The first part of the experimental work was done on 
an NACA universal test engine (bore 5 in., stroke 7 in.) 
equipped for vartable valve timing (reference 20). Var- 
iables were controlled as followsc 

he1 . 
Compres~S~n'rHt;o.(~li &&j 

v 87roctane aviation gasoline 
. , l . . . . . . 

Cooling water temperature (al; ;ulhs) , . 175O 
R'uel-air ratio (each run), . , 
Spark timing (each speed), 1 . . 

. . , .sit for best power 

Speed 
Inlet pip; ie;lglh: Gaiiibie: 

virfaili 
set for best power 

iy incremenis 
1000 to 1600 rpm 

9 to 247 inches 
Inlet pipe diameter . . l , , . . . , 2,56 or 1,88 inches 
Inlet valve lift . . . . + . . . , , I , , ,. . 0.312 itick 
Exhaust valve lift . . 0.275 inch 
Exhaust opening (25' i.B.5,') : ; : : 1 : 5 Y . . . , 1556 -- 
Exhaust closing (25O A+T.C.) . . . . . . , . , . . . 25' 

-.- 

(Crank angles are measured from top dead center un- 
less otherwise indicated.) 

In order that the air flow should not be disturbed - 
by the restriction of a carburetor venturi, fuel was fn- 
Jccted directly into the cylinder for all tests. 

Photographs of tho general setup are given in figure 
1, and a diagrammatzo sketch in figure 2, @urther ex- 
perimental details will be found in refercnoe 18.1 

._-- , . . . 
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One series of runs was made with a constant flstandards 
inlet valve timing as follows: 

Inlet opening (25' B.T,C.] . , , + . . . . . . . . .-335' 
Inlet closing (25' A.S,C,) . . . . . . . . . . . , .'205' 

A further Seri68 was-made at constant speed (1600 
rpm) and variable inlet tfming as follows: 

Inlet opening (45' to 15' B.T,C,) . . . . . 3150 to 3450 
Inlet closing (15" to 45O A.B.G.) . , . . . 195O to 225O 

Measurements of torque were made for each run. Fric- 
tion was estimated by the usual method, nmotorings at 
several speeds. From the torque resulting from the addi- 
tion of the measured torque to the motoring torque for 
-b;;e;Tme speed, the indicated mean effective pressure 

was computed and plotted in figures 3 t0 5, 

In addition to the foregoing measurements, records 
were taken of the pressure at the valve end of the inlet 
pip8 for all tests. In later tests where the valve timing 
was varied, records also were taken of pressure in the 
cylinder. These measurements were made ‘by means of the 
1J.I.T. indfcator (reference 21). &ample diagrams are re- 
produced in figure 6, 

Figure 7 shows a comparison of two curves of indicated 
mean effective pressure against pipe length,'from two sets 
of data taken at an interval of about five months. Dif- 
ferent cylinder heads of the same design were used. The 
data for t;le curve marked "Head I* was taken in one con- 
tinuous run; while each observation for the curve marked 
"Head 2" w&8 taken on a different day. 

Single-Cylinder Engine 

VI.-- Volumetrio efficfency may be 
defined by the express&on 

. 

where 

(1) 



4 

. 
w mass of air taken in per unit time 

* f number of suetian strokes per un%t time 

Vd piston displacement of one cylinder 

<PO average inlet air density 

I volumetric efficfencg 

Volumetr$c efficfency could be oomputed from a meaa- 
urement of air quantity in addition to the ordinary meas- 
urements of speedr inlet pressure, and temperature; but 
in this work it was desirable to avoid.the measurement of 
air, because the presence of meters or orifices would dis- 
turb the dynamics of the inlet system. On aocount of this 
difficulty, and since on%y relative values were required, 
it was decided to estimate the quantity of air from the 

:JoWer measurement.' !Che indicated horsepower= 778 of) (Hlhj 
550 x 60 X 60 

where W is the mass of air consumed per hour, H is the 
heating value of unit mass of air, and q is the indicated 
thermal afficienoy based on air; H and v are substan- 
tially constant since spark and fuel rate were adjusted for 
best power. Under these conditions M is proportional to 
indicated horsepowerl ‘Erom this relation it follows that 
volumetric efficiency is proportional to indicated mean , 
pressure. 

Iffeat of pipe length,- Barying the length of the in-. 
let pipe at constant.spe&d resulta'in curvea of indicated 
mean effective pressure against p5pe length, as shotin In 
figures 3, 4, and 5? &sential CharaCt8riStiCS of theS8 
curves are: 

1, A gradually rising fpoan effective pressure as pipe 
length is increased from as short as possible 
to a length which gives a frsquencg ratio* of 
s1ightI.y mbre than 5 

*Ihe *frequency ratio n her& introduced is defined as 
the ratio of inlet pipe frequently to valve frequancy (in- 
let pipe frequency being the fundamental frequency of the 
air column in the inlet pfpe when the valve is closed and 
valve frequency being half tho ongina crankshaft frequon- 
CYL Thus thfs frequency ratio is inversezy proportional 
to the produst of intake pipa length and engino speed, 
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. 
2, At least three dietlnct peaks, at frequency ratios 

of slightly more than 5, 4, 3 
. 

3. A decrease in mean effective pressure for lengths 
longer than that giving a frequency ratio of 3 

(near 
Pfgure 8 is a set of records of pressure in the pipe 

the in&et valve) and in the cylinder, at 1600 rpm, 
pipe length is the single independent variable. 

lssential characteristics of the 'pressure in the 
pipe are: __ 

1. Gradually fncreasfng amplitude of the pressure 
waves as pfpe length is increased _ I 

. 

2, Occurrence of a pressure peak near thE time Of - --I 
InLet closing, arriving later as the length 
of pipe is increased 

aThe cylinder Pressure reoords of figure 8 show an 
intoresting pressure minimum during the suction stroke, 
which moves to the right (i.e., csomes later in the stroke) 
as pipe length is inoreased, until the number of pressure 
waves Per engine cyc$.e Ohangest When this occurs, the 
point of minimum pressure returas to approxfmately its 
Original crank angle and again starts moving to the right 
as the Pipe length is increased. 

pigure 9 is a set of pressure reczdrds taken from the 
inlet pipe at 1220 rpm. 

Effect of speed,- Figures 10 and 11 show the pressure 
in the pipe for various engine speeds. Similarity between 
these records and those of figures 8 and 9 5s evident. 
When speed and pipe length are varied tqgather a0 as to 
gfve a constant frequenoy ratio, the result is a set of 
vory similar curves with amplitude increasing approximately 
in proportidn to the speed. Ifigure 12 is such a set of 
curves. This suggests a plot of tndiuated mean effective 
pressure against frequency ratio for various values of 
speed as shown in figure 13. Th8 first peak of indicated 
mean effectfve pressure, which occurs at a frequ0ncy ratio 
of approximately 3, decreases notably as speed Sncroases; 
while the peak at 5 shows a much smaller variation, not 
oonsistently fn either directSonY 

- 
Effect of valve timin&.- The effect of the time of. -- 



inlet-closing on indicated mean effeatfve pressure is il- 
lust+ated in figures 4 and 5 which show indicated mean ef- . --i-_-- 
feotive pressure against pipe length for various valve 
timings, It will be noted that late inlet-closing im- 
proves the performance with long pipe lengths: whi3e 
early closing is better for shorter pipe lengths, Thi 6 
is the result of later arrival of the pressure wave after 

:- 

bottom aenter which was noted in figure 8, Pigurs 34 is 

a series of records taken with inlet alosing for best 
powe'r in eaoh ease. Pfote that the closing of the inlet 
valve 5s slightly ahead of the pressure peak in a33 oases 
exaept with the shortest three pipes where the pressure 
Peak is very close to bottom center. This is due to the 
effeot of piston motion, If a series of compression 
curves is plotted, starting with various inlet pressures 
at bottom uenter and these aurves are superfmposed upon 
the pressure wave in the pipe, a point of tangency is ob- 
tained between one of the compression oy~ves and the pres- --_ -_ ., 
sure in the inlet pipe, Provided. the inertia of the air 
in the valve is negligtble, this will be the point at 
which the valve must be closed in order to entrap a maxi- 

- 

mum quantity of air, Such oompressian curves have been 
drawn in figure 14. Ihe actual valve ulosing %a somewhat 
later than the points.of tangency because the valve re- 
quires a ffnite time to oloso and is effectfvely crl6sod 

somewhat earlier, The difference between actual closing . 
and effeotive closing appears to be about 10' at 1600 rpm, 
'Phis quantity would be expected ta inorease with spee&+ 
A direct oomparSaon of the pressures in the cylinder and 
the pipe for different valve tfmings appears in figure 16. 
The curves marked nQ1' (fig, 15) indicate that a difference 
fn timing may alter aonsiderably the pressure in the pipe, 
In this case reverse flow induced by the p3ston motion 
apparently reinforoes the pressure waves, 

Effect of inlet pipe diameter.- Rgure 16 is a plot 
of fndicated mean effeative pressure against inlet pipe 
length for a pipe approximately half the area of the pipe 
used in tha other tests. The suppression of the peaks of 
the curve is notable fs the case of the'small diameter 
pipe, 

Figure 17 shows the pressure waves in the small di- 
ameter pipe, for variou's lengths, 
with figure 8, 

On comparing these 
it Ss noted that the amplitude is greater 

in the case of the smslf pspe and that the pressure Wave 
arrives later after bottom center, which indicates that 
a later timing might be expected to give higher indicated 

. . . . - -- .' .--. 
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mean effective pressure with the small pipe. Figure 18 is 
a direct aompariscrn of the pressure in the pdpe and the 
cylinder for a small and a large pipe of the same length, 
The points noted here are evident in this figure, ;, 

APPARATUS AND EWJ?HOD 

Multicylinder &gin-e 

Additional experimental work was carried out to d8- 
termine the effeut of having several cylinders oonnected 
to the same inlet pipe, The engine used for these tests 
was a six-Cylinder Chrysler aUtOmObil engine, Engine 
data follows: 

Serial No, . . . . , . l . . . . . * . . , . . 0121332 

Bore .T.....b......r.... 
Stroke' 

39e inches 
r., * . . I'!. p . . . 

Displaoe~e~t'(~oCai)' . . . , , . . F . 
4% inches 

220 cubLc inches 
Valve timing: 

., _. -+ 

Exhaust opens. . . . . . . . . . . + . . . 40’ B.3.C. 
Exhaust oloses , , . . , . . . . b , , . + 4' A.T.C. 
Inlet opens . . Y . . , . . . . . . . . . 7’ B.T.C. 
Inlet closes . , . , . . T c . . . , . . . 55’ A.B,C, -- '- 

iPh8 cylinders of thik; engine were manifoLded together in 
two groups of three within the cylinder-block casting as 
shown in figure 19, One group of three cylinders was 
separated from the other and was provided with separate 
dnlet and exhaust aonnectfons, !2his group was used merely 
as an air pump, the remaining group of three cylinders 
being used to supply power to operate the air pump (fig,* 
2C).. Thus the three Cylinders under investigation were 
mOtOred wsthout firing, lhey were arranged SO that var- 
ious lengths of inlet pipe aould be attached to'the inlet 
Opening common to the three cylinders, The air exhausted 
by the three cylinders was led to a receiver, and the flow 
(volume per unit time) was measured by an NAOA Boots type 
supercharger, This flow,. corrected for temperature, was 
used to calculate tho volumetric efficiency. (Correction 
for pressure was found unnecessary.) ghis method of test 
was justified by Mueller (reference 14), who showed that 
the curve of volumetric effioiency against-pipe length, 
obtained by this method on a single-cylinder engine, was 
similar to the ourve of indicated mean effeottve sresaure 
against pipe length when the engina was fdrlng. Ihe 
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comparison of these curves taken from reference 14 is re- 
produced in figure 21. Indicator diagrams were mide of 
the pressure in one of the three motoring cylinders, and 

.- -,c 

in the inlet pipe, as near as possible to the engine. 

Hultioylinder Engine - 

-..-- 
Curves of volumetric efficiency against speed for 

various pipe lengths, and bf vol.umetric efficiency against - ,i 
pipe length* for various speeds are reproduced in figures 
22 and 23. It is instructive to note that, while volume&- 
ric efficiency at low speed may be improved by the use of 
a long pipe, the improvement is at the expense of volumet- 
ric efficiency at high Speed. Volumetric efficiency at 
high speed was not improved by additional inlet pipe 
length. .-:- 

A study of the pipe pressure dia'grams (f&g. 24) re- 
veals the interesting faot that. all show the same fre- 
quency, the frequency of the suction strokes. .: 

Figure 25 showing pressures in a 72-inoh pipe for .- -- 
various speeds indicates phase shift as expected from 

_ 

theoretical considerations. She last diagram of this fig- 
ure shows the hPgher modes of vibration of the air column 
in the pipe being excited, as woyld be expected. 

CONCLUSIONS 

On the basis of the foregoing experilnental investi- 
gation, the following conclusions may be drawn: 

1. The pressure waves in the inlet pipe are of suf- - 
ficient amplftude to affect the charging process (and 
hence the mep) considerably. 

2. For a single-cylinder engine running at a given 
speed, 

A 
there are three dPstinct optimum lengths of inlet. 

Pipe, with which the mean effective pressure is of the 
-- 

*'"Pipe length iI for the multicylinder engine fs meas- 
urea from the flange on the cylinder block, 
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order of 15 to 20 percent higher than it is when no inlet.- 
pipe is used. These optimum pipe Lengths are slightly 
less than 30 c/Nq where o is the velocity of sound in 
feet per st3cond, N is the engine speed in revolutions 
per minute, and q is 3, 4, or 5, -- 

3. Yor a single-aylinder engine, a fixed pipe length 
slightiy less than 6 C/Em (where Fm is the highest' 
operating spesd) gives a higher mean effective pressure 
than no inlet pipe, for all operating speeds, although 
not as high as can be obtained with pipe length adjusted 
fgr each speed. 

4. For a given engine speed and inlet pipe length, 
fuL1 advantage of. the pressure waves in the pipe can be 
Obtained only.by suitable inlet valve timing, especially 
by proper choice of the time of inlet uldsing; longer 
pipes requiring later closing, J -z& ., 

5, When three cylinders are oonneeted to a single --. 
IPiPS, the best volumetric efficienoy at high speed is ob- 

tained with the minimum length of pipe. 

Massachusetts Institute of Technology, 
Cambridge, Mass,, January 1938* 
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Figure 1. Experimental setup. 
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Figure 6.- Typical indicator cards. 
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